Introduction
Liver fibrosis is a progressive process that develops as a consequence of liver damage in the majority of chronic liver diseases. While there are many causes of liver diseases, the most frequently encountered in daily practice are chronic viral hepatitis (B or C viruses), alcoholic steatohepatitis (ASH), and non-alcoholic fatty liver disease (NAFLD). Other chronic liver diseases, such as autoimmune hepatitis or primary biliary cirrhosis (PBC) are also diagnosed in daily practice.
An accurate staging of liver fibrosis is mandatory, especially for prognosis, disease management, treatment indication and long-term follow-up. Liver biopsy is considered as the "gold-standard" method for fibrosis assessment and for necro-inflammatory activity grading [1] , but it has some limitations such as: invasive procedure, potential complications, sampling errors, intra-and inter-observer variability [2] [3] [4] . Given these limitations, LB is not always accepted by patients for the assessment of liver disease severity, especially for repetitive evaluation of disease progression, thus, in some countries, the number of liver biopsies seems to decrease [5] , while the non-invasive methods for fibrosis assessment are used more and more.
Non-invasive methods for the assessment of liver disease severity are: biological tests [6] and elastographic methods (ultrasound-based elastography and MR elastography). According to the European Federation of Societies in Ultrasound in Medicine and Biology (EF-SUMB) Guidelines, the ultrasound-based elastographic methods are divided into strain/displacement elastography and shear waves elastography techniques [7] . The last category includes Transient Elastography (TE), point shear wave elastography (VTQ and ElastPQ), and 2D-shear wave elastography (including 2D-SWE and 3D-SWE) [7] . In the last years, non-invasive evaluation of liver fibrosis has become more and more popular in daily practice mainly due to constant industry development and to the lack of invasiveness. While the use of liver biopsy is declining [5] , new elastographic methods are becoming available, making it difficult to say which one should be used in daily practice [8] .
The first elastographic method developed for liver fibrosis assessment was Transient Elastography (TE) [9] . Several meta-analyses have thoroughly validated the method [10] [11] [12] , which is now accepted by international guidelines [9, 13, 14] . It is commonly used in the evaluation of various liver diseases such as chronic hepatitis C [12, 15] , chronic hepatitis B [16, 17] , NAFLD [18] , PBC [19] or in post-transplant patients [20] . Despite the fact that TE is extensively used in daily practice around the world, it presents several limitations. The main disadvantages are that it cannot be performed in patients with ascites [7] , and that it lacks B-mode gray scale ultrasound visualization of the liver. Furthermore, the method's reliability decreases from normal weight to overweight and obese patients [21] ; this disadvantage has been partially overcame by the use of the XL probe [22, 23] . Previous studies have shown that there are confounding factors that can increase LS values by TE: high levels of aminotransferases [24] , extrahepatic cholestasis [25] and liver congestion in heart failure [26] . Also, the machine is quite expensive and needs periodical calibration of the probes.
Other elastographic methods, such as point shear wave elastography (pSWE) and 2D shear wave elastography (2D-SWE) are integrated into ultrasound machines, allowing a real-time visualization of liver structure, the ability to choose the region of interest, avoiding vessels and the liver capsule. Another advantage is their capability to perform other ultrasound investigations such as Doppler examination or Contrast Enhanced Ultrasound.
2D-Shear Wave Elastography (2D-SWE) is an imaging technique which quantifies tissue stiffness by measuring the speed of shear waves induced into the tissue by acoustic push pulses, generating two-dimensional quantitative images of shear-wave speed. Nowadays, the technique of 2D-SWE is implemented on several ultrasound machines from different manufacturers (SuperSonic Imagine, General Electric Healthcare, Toshiba). In the last years, several studies have been published demonstrating that SuperSonic Imagine 2D-SWE (2D-SWE.SSI) is an useful tool for evaluating liver fibrosis, non-inferior to TE [27] [28] [29] . To our knowledge, there are no studies that have evaluated 2D-SWE on General Electric Healthcare (2D-SWE.GE) in clinical practice.
The aim of this paper was to identify the cut-off values of liver stiffness (LS) assessed by means of 2D-SWE. GE for predicting different stages of liver fibrosis, using TE, a validated method for liver fibrosis assessment, as the reference method [9, 13, 14] .
Material and methods

Subjects
We performed a prospective study which included 331 consecutive adult subjects: 56 healthy volunteers and 275 patients with chronic liver disease. All subjects agreed to undergo elastographic measurements (signed informed consent). The study was approved by the local Ethics Committee and was performed in accordance with the last revised version of the Helsinki Declaration.
The inclusion criteria for the healthy subjects were; no history of liver disease, normal aspect of the liver and the spleen on ultrasound examination and LS values obtained by TE < 7 kPa. The healthy volunteers were 29 medical students and staff members (nurses and medical doctors), who are regularly tested and screened for HCV/HBV. The remaining 27 were patients from other departments, with normal liver function tests, negative for HCV/HBV infections, without severe cardiac disease or heart failure.
The inclusion criteria for patients with chronic liver disease were: known chronic viral (B and C viruses) or nonviral hepatitis (alcoholic or non-alcoholic steatohepatitis, primary biliary cirrhosis) or cirrhosis; aminotranferases levels <3x normal values. We excluded patients undergoing antiviral treatment, patients with ascites, signs of biliary obstruction and liver congestion secondary to heart failure, and patients with focal liver lesions. We obtained liver stiffness (LS) measurements from all subjects in the same session by means of TE and 2D-SWE.GE. We excluded 28 patients because LS measurements obtained from TE or/and 2D-SWE.GE were unreliable; the remaining 303 patients were included in the final statistical analysis.
Transient Elastography (TE) TE was performed with FibroScan® device (EchoSens, Paris, France) in fasting condition. In each patient, we aimed for 10 valid LS measurements. The examination was performed in supine position, by intercostal approach, with the right arm in maximum abduction, using the M probe (standard probe -transducer frequency 3.5 MHz) or the XL probe (transducer frequency 2.5 MHz).
In all patients, the M probe was used first, and if the results were unreliable we used the XL probe. A median value of 10 valid LS measurements was calculated and the results were expressed in kilopascals (kPa). Reliable measurements were defined as: median value of 10 valid LS measurements with a success rate (SR = ratio of the number of successful acquisitions divided by the total number of acquisitions) ≥60% and an interquartile range interval (IQR = the difference between the 75th and 25th percentile, essentially the range of the middle 50% of the data) <30% [30, 31] . The operators who performed TE measurements had at least 2 years experience with the method (defined as more than 500 examinations) and were blinded to all clinical, biologic and 2D-SWE data.
To discriminate between stages of fibrosis, we used the cut-off values for TE calculated in the Tsochatzis meta-analysis, F≥2: 7 kPa; F≥3: 9.5 kPa; F=4: 12 kPa [10] .
2D-Shear Wave Elastography (2D-SWE)
LS evaluation by 2D-SWE was performed using a LOGIQ E9 system (GE Healthcare, Chalfont St Giles, United Kingdom) (version 2.0). All measurements were performed in fasting condition, in supine position, with the right arm in maximum abduction, by intercostal approach, in the right liver lobe, in the best acquired acoustic window for liver evaluation. LS measurements using 2D-SWE.GE were performed using a C1-6-D convex probe. The SWE region-of-interest (ROI) was placed at least 1-2 cm below the liver capsule, in a region free of large vessels. Once a suitable image was found, the patient was asked to suspend breathing and afterwards image acquisition was initiated. Usually 2 or 3 colored image frames were acquired during 5 seconds of suspended breathing. The process was repeated until at least 10 shear wave frames were acquired. Within each saved SWE image and frame a circular measurement region was placed and the measurement obtained. The average stiffness, expressed in terms of Young's Modulus within each measurement region, was automatically recorded by the system in a worksheet. Ten measurement regions were typically placed on different shear wave image frames or at non-overlapping locations within the same frame so that 10 consecutive LS measurements were obtained from each subject. The system automatically calculated the median value and IQR of the valid measurements. A valid LS assessment was considered as the median value of 10 measurements acquired in an homogenous area with an IQR <30% [32] . The results of LS measurements were expressed in kPa, similar to TE. The operators who performed 2D-SWE.GE measurements were experienced in ultrasound and elastographic evaluations, and were blinded to all clinical, biological and other elastographic measurement data.
Statistical analysis
The statistical analysis was performed using MedCalc Software, version 12.5.0.0 (MedCalc program, Belgium) and SPSS, Version 20.0 (IBM Statistics). The Kolmogorov-Smirnov test was used for testing the distribution of numerical variables. The mean value and standard deviation were calculated for numerical variables with normal distribution, while in cases of non-normal distribution, median values and range intervals were used, whereas categorical variables were reported as the number (proportion) of patients with/without the specific characteristic. The Student's t-test was used for group comparisons of continuous variables with a normal distribution and nonparametric tests (the Mann-Whitney U-test was applied for variables with non-normal distribution). Group comparisons of categorical variables were performed using Pearson's x 2 -test. To avoid overestimating the accuracy of measurement results and validate the model, we assessed the K-fold crossvalidation by taking random LS measurements in groups of five and partitioning them from our cohort [33] .
Areas under receiver operating characteristic (AU-ROC) curves were calculated for 2D-SWE.GE values to identify discriminating cut-offs for various stages of liver fibrosis. The optimal cut-off values were determined from AUROC curve analysis, by using the Bayesian analysis, using the optimal criterion and avoiding the misclassification of true positives subjects. Positive predictive value (PPV -true positive cases/all positive cases), negative predictive value (NPV -true negative cases/all negative cases) and diagnostic accuracy (sum of true positive and true negative cases/total number of cases) were calculated [34] . Ninety-five percent confidence intervals were calculated for each predictive test and a p-value <0.05 was considered to reveal statistical significance.
Results
Liver stiffness was evaluated by means of TE and 2D-SWE.GE in 331 patients. The main characteristics of the subjects included in the study are presented in Table I. The rate of reliable LS measurements was similar for TE and for 2D-SWE.GE: 94.2% (312/331) vs. 95.8% (317/331), p=0.44. From the valid TE measurements, 67.6% were performed using the M probe and 32.4% by using the XL probe. Higher BMI was significantly associated with the impossibility to obtain reliable LS measurements by means of TE and 2D-SWE.GE (Table II) .
LS values obtained ranged from 3 to 22.5 kPa for 2D-SWE.GE, and from 2.5 to 75 kPa for TE. Mean liver stiffness values assessed by 2D-SWE.GE were significantly lower than those obtained by TE (paired t-test): 10.14±4.24 kPa vs. 16.72±13.4kPa (p<0.0001) (fig 1) . Reliable liver stiffness measurements were obtained with both methods (TE and 2D-SWE.GE) in 303/331 (91.5%) subjects. Twenty eight (8.5%) subjects were excluded because unreliable measurements were obtained from either TE and/or 2D-SWE.GE. Considering TE as the reference method to differentiate between stages of fibrosis, the distribution of liver fibrosis using the TE cut-offs proposed by the Tsochatzis meta-analysis was: F<2: 91/303 (30.1%); F=2: 31/303 (10.2%); F=3: 37/303 (12.2%); F=4: 144/303 (47.5%).
The mean values of LS measurements by 2D-SWE. GE for various stages of liver fibrosis as assessed by TE were: for F<2: 5.7±1.4 kPa; for F2: 7.1±2.1 kPa; for F3: 9.4±1.7 kPa; for F4: 13.1±2.9 kPa (fig 2) .
A direct, strong correlation (r=0.83) was observed between LS values assessed by means of TE elastography and by 2D-SWE.GE (p<0.0001).The K-fold cross validation confirmed that the measurement's results accuracy was not overestimated. Considering TE as the reference method, we calculated the performance of 2D-SWE.GE as well as the cut-off values for diagnosing significant fibrosis (F≥2), severe fibrosis (F≥3) and cirrhosis (F=4) ( Table III) .
The group of healthy volunteers consisted of 56 subjects without known liver pathology, with the mean age of 38±15.9 (20-85), 36 (64.3%) female and 20 (35.7%) male. All 56 patients had valid measurements with both techniques. The mean LS values determined by 2D-SWE.GE in healthy volunteers were 5.3±1.3 kPa and 4.75±0.94kPa for TE.
Discussions
This study is to our knowledge the first that evaluates the performance of this novel elastographic method -2D-SWE.GE, in terms of feasibility and performance for predicting different stages of liver fibrosis, other than the manufacturer's recommendations [32] .
We found that the rate of reliable LS measurements was similar for the two methods, TE and 2D-SWE.GE (94.2% vs. 95.8%). For both methods, higher BMI was associated with the impossibility to obtain reliable LS measurements. It is known from previous studies that higher BMI can lead to failed or unreliable results for TE [31, 35] . Furthermore, studies have shown that for 2D-SWE techniques, it is more difficult to obtain reliable results for obese and overweight subjects [28] . Narrow intercostal spaces can lead to invalid LS measurements, and represents a limitation of the 2D-SWE technique [36, 37] . Nevertheless, there is no published data regarding limitations of the 2D-SWE.GE.
When assessing the recommendations proposed by the manufacturer regarding the use of quality parameters (10 valid measurements and IQR<30%) [32] , the feasibility of 2D-SWE.GE was very good. Concerning the feasibility of other 2D-SWE techniques, according to published data, three or five LS measurements by 2D-SWE.SSI can be obtained in 90-98.9% of cases [28, 29, 38, 39] , but if quality parameters are applied (IQR<30% and SR≥60%), the rate of reliable measurements can decrease to 71.3% [40] .
We compared LS measurements by 2D-SWE.GE to those obtained by TE considered as reference method in 91.5% of the subjects from the study group, who had reliable measurements by means of both elastographic methods. A highly significant correlation was found between the two elastographic methods (r= 0.83), but the LS values obtained by means of 2D-SWE.GE were significantly lower than those obtained by TE.
We calculated the LS cut-off values by 2D-SWE.GE for predicting significant fibrosis, severe fibrosis and cirrhosis, considering this a strong point of our study, since there are no published studies in this regard, besides the manufacturers' recommendations (F>0-5.48 kPa; F>1-8.29 kPa; F>2-9.4 kPa; F>3-11.9 kPa) [32] . We found cut-off values for predicting significant fibrosis, severe fibrosis, and cirrhosis lower than those recommended by the manufacturer [32] . These differences could be explained by the fact that the preliminary study included a small number of subjects (85) in comparison with our study (331), furthermore the initial study was performed with the first released elastographic software (version F -fibrosis; AUROC -area under a receiver operating curve; PPV -positive predictive value; NPV -negative predictive value.
1.0), while the present one was performed using the upgraded elastographic module (version 2.0). An advantage of 2D-SWE techniques in comparison with TE is that they are guided by B-mode imaging, thus being both color-coded and numeric methods. Using the color-coded map, the operator can choose to place the ROI in which LS is to be measured in the most homogenous area, and use the color homogeneity as a qualitative criterion for the evaluation. The advantage of real-time methods (2D-SWE) is the visual inspection of the liver during LS measurements so that it allows avoiding large vessels and placing the measuring box far enough from the liver capsule (more than 1 cm), to avoid interference.
Regarding LS measurements by 2D-SWE.GE in healthy subjects, there are no current published data. In our study the mean LS value in 56 healthy subjects was 5.3 kPa.
Although our study included a large number of subjects evaluated by means of TE and 2D-SWE.GE, it does present some limitations. The main limit of our study is the absence of liver biopsy as the "gold standard", but our reference method was TE, which is a validated method in the daily practice. Furthermore, our cohort included patients with a heterogeneous etiology of liver disease. However, the majority of subjects included were HCV positive (65%), so that this study could be considered as a starting point to use 2D-SWE.GE in the assessment of liver fibrosis in chronic hepatitis C patients. Also, using the Boursier criteria for LS measurements by means of TE could increase the method's feasibility, but they were not used in our study because they are not recommended at this time in international guidelines. Finally, viral markers or biochemical liver enzymes were not performed for all the healthy subjects, as 29 of the volunteers were medical students or staff who are regularly screened for HCV/HBV, but they all fulfilled the inclusion criteria and did not have any known liver disease or history of it.
In order to establish more accurate LS cut-off values for predicting various stages of liver fibrosis by 2D-SWE.GE, further large multicentre studies are needed, preferably using liver biopsy as the reference method.
In conclusion, we found that 2D-SWE.GE is a reliable method for non-invasive evaluation of liver fibrosis. LS values obtained by means of 2D-SWE.GE were significantly lower than those obtained by TE. Higher BMI was associated with the impossibility to obtain reliable LS measurements for both TE and 2D-SWE.GE. The best 2D-SWE.GE cut-off values for predicting F≥2, F≥3 and F=4 were 6.7 kPa, 8.2 kPa and 9.3 kPa, respectively.
